A tilt-rotor aircraft can switch between two flight configurations (the helicopter configuration and the fixed-wing plane configuration) by tilting its rotors. In the process of rotor tilting, the nacelles which drive the rotors tilt together with the rotors. Because the mass of the nacelles cannot be ignored compared to the mass of the whole aircraft, the tilting of the nacelles is a coupling motion of the body and the nacelles. In order to better character the aircraft dynamics during the nacelle tilting, a multibody model is established in this paper. In this multibody model, Kane's method is used to build a dynamic model of a tilt-rotor aircraft. The generalized rates are used to describe the movement of the body and the nacelles (with rotors). The generalized active forces and generalized inertial forces of both the body and the nacelles (with rotors) are obtained, respectively, and the first-order differential equations of the generalized rates are obtained. The longitudinal trim of the XV-15 aircraft is calculated according to the single-body model and our multibody model, in this paper, and the results verify the correctness of the multibody model. In the process of nacelle inclination angle command tracking, the multibody model can provide more information about the disturbance torque of the nacelle than the single-body model, and model inversion control based on the proposed multibody model can obtain a better tracking result than a PID control method only using nacelle angle feedback information.
Introduction
A tilt-rotor aircraft makes its flight configuration switch between the helicopter configuration and the fixed-wing airplane configuration by changing the direction of the rotor thrust. The tilting of the nacelles (with rotors) distinguishes the tilt-rotor aircraft from a helicopter or fixedwing airplane, so tilt-rotor aircraft modeling should consider the process of the tilting of the nacelles. Because the mass of the nacelles (with rotors) cannot be ignored compared to the mass of the tilt-rotor aircraft, tilting of the nacelles (with rotors) will lead to the following features: (1) significant changes of both the center of gravity (c.g.) position and the moment of inertia of the tilt-rotor aircraft and (2) an interaction between the nacelles (with rotors) and the body of the tilt-rotor aircraft. These features make the dynamic model of the tilt-rotor aircraft more complicated.
Rosenstein et al. [1] established a mathematical model for a real-time simulation of a tilt-rotor aircraft (Boeing Vertol Model 222). In their work, the angular momentums of the body and the nacelles were added together to get the angular momentum of the tilt-rotor aircraft with respect to the tilt-rotor aircraft c.g. in the body axis, and the angular momentum theorem was used to obtain the dynamic model of the tilt-rotor aircraft. Ferguson [2] established a generic tilt-rotor aircraft model (GTRS), and the differential equations of motion variables were the same as that in Ref. [1] . Miller et al. used d'Alembert's principle to establish the dynamic equations of a tilt-rotor aircraft [3] . Li et al. reckoned the body, the nacelles, and the rotors to be independent entities and established a realistic model in the form of multibody motion equations [4] .
A numerical simulation model including the rotor, the wing, and the nacelle was built using a general purpose multibody simulation tool to study active control technology for tilt-rotor aircraft whirl flutter stability augmentation [5] . A simplified aeroelastic tilt-rotor model was built to analyze the vertical bounce phenomenon [6] . Multibody models of a tilt-rotor aircraft were implemented using the free multibody analysis software MBDyn in Politecnico di Milano. Aerodynamic loads were modeled for the wing and the rotor. The detailed control system kinematics and compliance were modeled. The overall multibody model consisted of more than 800 equations [7, 8] .
Neural network-augmented model inversion control was used to provide a tilt-rotor aircraft with consistent response characteristics throughout its operating envelope [9] . Multiple model inversion controllers were designed at different flight conditions, and mode switching technology was adopted to guarantee smoothly the transition between the controllers [10] . Model predictive control was used to design a tilt-rotor aircraft flight control system and was implemented on a real-time simulator [11] . These control algorithms were verified on a GTRS model. Kim et al. designed the trajectory tracking controller for a tilt-rotor unmanned aerial vehicle based on a neural network-augmented model inversion control method [12] . In the above research on the flight control of the tilt-rotor aircraft, active control for the nacelle tilting is not found. An active control method has been developed for the control of the aeroelasticity and structural dynamics of a tilt-rotor [5] . Bernardini et al. [13] proposed an active control strategy to the alleviation of tonal noise inside the hosting passenger area of a midrange tilt-rotor. Singh et al. [14] examined the effectiveness of active control through wing flaperon and swash plate actuation for the alleviation of whirl-flutter instability of the full-scale XV-15 proprotor on a semispan wing.
In Refs. [1, 2] , a tilt-rotor aircraft was treated as a single rigid body, and Euler equations were used to describe the attitude motion. A Euler pitch equation was amended according to the nacelle tilting, and the inclination angle and angular velocity of the nacelles were considered known quantities. Tilting of the nacelles is driven by a motor torque from the body, and it is the sum of the nacelle rotation and the body pitch motion. In order to describe the interaction between the body and the nacelles, a multibody model is established in this paper. In this multibody model, the body and the nacelles can be treated as rigid bodies that are hinged together. Kane's method is a multirigid body modeling method suitable for computer programming. It uses generalized rates instead of generalized coordinates as independent variables to describe the motion of the system, avoiding the cumbersome process of dynamic function derivation [15] . Therefore, in this paper, Kane's method is used to establish the multibody model of a tilt-rotor aircraft. The characteristics of this model are as follows: (1) the final form of the model is not a correction to the rigid body six-degree-of-freedom model, but a dynamic model of multiple rigid bodies; (2) the interaction motor torques between the body and the nacelles are introduced into the model, and the first-order differential equation of the nacelle tilting angular velocity is given; and (3) the derivation process of the model is simple and straightforward, and it is suitable for computer programming.
Using the proposed multibody model, a tilt-rotor aircraft attitude controller based on the model inverse method is designed to make Euler angles and the nacelle inclination angle of the tilt-rotor track commands. A linearized multibody model of a tilt-rotor aircraft at an equilibrium point is used in a model inverse control method. In the tracking of the nacelle inclination angle command near the equilibrium point, the model inverse control is better than a PID control, which does not use any model information.
The following is the arrangement of this paper: In Section 2, the basic assumptions and the definition of coordinate systems are given. Section 3 describes our multibody model of a tilt-rotor aircraft based on Kane's method. In Section 4, we trim the XV-15 tilt-rotor aircraft longitudinally at various speeds based on the multibody model and single-body model. In Section 5, model inversion control is used to make Euler angles and the nacelle inclination angle of a tilt-rotor aircraft track the commands near an equilibrium point. The conclusions of this paper are included in the last section.
Frames and Hypothesis
A tilt-rotor aircraft consists of the fuselage, wings, rudders, left nacelle, right nacelle, left rotor, and right rotor. Each component is treated as a rigid body. To simplify the problem, we make the following assumptions: The coordinates used in this paper are as follows:
(1) Earth-axis system O E X E Y E Z E : the origin of the Earth axis system is fixed at a point on the ground. The x-axis points to the north in the horizontal plane. The y-axis is perpendicular to the horizontal plane, and the z-axis points the direction of gravity. The Earth axis system is considered the inertial coordinate system (2) Body axis system O B X B Y B Z B : the origin of the body axis system is located at the center of gravity of the body. The x-axis points forward along the central axis of the body, and the z-axis is in the longitudinal plane of symmetry of the body. The y-axis follows the right-hand rule (3) Nacelle axis system O N X N Y N Z N : the origin of the nacelle axis system is located at the center of gravity of the nacelle. The direction of the x-axis is the same as the thrust of the rotors. The direction of the y-axis is the same as the shaft of the nacelle, and the z-axis follows the right-hand rule
The body axis system and nacelle axis system are shown in Figure 1 . Point P is the joint point of the body and the nacelle, and θ N is the inclination angle of the nacelle.
Multibody Model Based on Kane's Method
In this section, a multibody model of a tilt-rotor aircraft is deduced using Kane's method based on the assumptions in the last section. Firstly, generalized rates are selected to describe the motions of the body and the nacelle. The relationship of generalized rates and the change rates of both the body Euler angles and the nacelle inclination angle is established. Secondly, the translation motion and angular motion of both the body and the nacelle are represented as generalized rates. Thirdly, partial velocities and partial angular velocities of both the body and the nacelle are deduced, and the generalized active forces and the generalized inertial forces of both the body and the nacelle are deduced. Firstorder differential equations for generalized rates are deduced based on Kane's equation.
Generalized Rates and Kinematic Equations.
Seven generalized rates u, v, w, p, q, r, and ω are selected to describe the motion of the tilt-rotor aircraft, in which u, v, and w are the translational velocities of the body c.g., p, q, and r are the body angular velocities, and ω is the tilting speed of the nacelle relative to the body.
The Euler angles ϕ, θ, and ψ are attitude angles of the body relative to the Earth-axis system. The first derivative of the Euler angles and nacelle inclination angle with regard to time is shown in
Motions of the Body and the Nacelle. According to the geometric relationship between the body and the nacelle (see Figure 1 ), the kinematics of the body and nacelle can be represented as the generalized rates. The body c.g. translation velocity v B is u, v, w , and the body angular velocity ω B is p, q, r . The body c.g. translation acceleration a B is given in
The various terms of equation (2) are, in a component form,
The body angular acceleration ε B is p, q, r . The nacelle c.g. translation velocity v N is given in
where
The nacelle angular velocity ω N is p, q + ω, r . The nacelle c.g. translation acceleration a N is given in
The nacelle angular acceleration ε N is given in
where 
The sum of all the forces acting on the body (excluding the force exerted by the nacelle) is as follows:
where F f is the aerodynamic force of the fuselage, F w is the aerodynamic force of the wings, F t is the aerodynamic force of the tails, and G B is the gravity force of the body. The sum of all torques acting on the body (relative to the body's c.g.) is as follows:
where M f is the aerodynamic torque of the fuselage, M w is the aerodynamic torque of the wings, M t is the aerodynamic torque of the tails, and M c = 0, m c , 0 T is the motor torque act on the nacelle. The sum of all the forces acting on the nacelle (excluding the force exerted by the body) is as follows:
where F Rr is the aerodynamic force of the right rotor, F Rl is the aerodynamic force of the left rotor, and G N is the gravity force of the nacelle. The sum of all torques acting on the nacelle (relative to the nacelle's c.g.) is as follows:
where M Rr is the aerodynamic torque of the right rotor and M Rl is the aerodynamic torque of the left rotor.
The generalized active forces of the tilt-rotor aircraft are as follows:
and the generalized inertial forces of the tilt-rotor aircraft are as follows:
The following equation is the moment of the inertia matrix of the body. Based on Kane's equation, we have the following formula:
The following set of first-order differential equations for generalized rates can be derived: 
From equation (21), we can solve u, v, w, p, q, r, and ω and combine equation (1) to form the dynamic differential equations of the tilt-rotor aircraft.
Regarding the calculation of the aerodynamic force of a tilt-rotor aircraft, the detailed calculation method is given in Refs. [1, 2, 16, 17] , which is not discussed in this paper.
Longitudinal Trim for Steady-State Flight
In this section, we want to verify the correctness of the proposed multibody model. As we know, for the same tiltrotor aircraft, the longitudinal trim results of a single-body model and multibody model should be the same. Firstly, in helicopter flight configuration, the longitudinal trim results of the single-body model and multibody model are calculated and compared, respectively. Secondly, in order to further verify the correctness of the aerodynamic calculation in the multibody model, we use the multibody model to calculate the longitudinal trim at different nacelle inclination angles and flight speeds.
Comparison of the Single-Body Model and Multibody
Model in Longitudinal Trim. We take the XV-15 tilt-rotor aircraft in Ref. [2] as an example, and the main design parameters of XV-15 are shown in Table 1 . The longitudinal trim includes the torque balance at the y-axis of body axis system, and the force balance at the x-axis and the z-axis of body axis system. The variables of trim are the collective pitch of the rotors δ col , longitudinal stick position δ loN , Euler pitch angle θ, and motor torque acting on the nacelle m c of the XV-15. The collective pitch of the rotors δ col is used to adjust the thrust forces of the rotors, and it is mainly used to control the vertical motion of the XV-15 at helicopter configuration. The longitudinal stick position δ loN is used to change the longitudinal periodic pitch of the rotors and generate the torque at the y-axis of the body axis system. The adjustment of the Euler pitch angle θ balances the x-axis component of the forces acting on the XV-15. Motor torque acting on the nacelle m c can keep the nacelle inclination angle at a given value.
The longitudinal trim based on the multibody model can be described as follows: for a stable level flight speed v t and a fixed nacelle inclination θ N , the objective is to find the appropriate δ loN , δ col , θ, and m c to make u, w, q, and ω approach zeros. The default algorithm of the "fmincon" function of "Matlab" software can solve the problem.
For the single-body model, the XV-15 is treated as a single rigid body, and nacelle rotation is not considered when longitudinal trim is calculated. The longitudinal trim means that the sums of forces and moments are zeros in the longitudinal plane of the XV-15. The components of the external force sum are f x , f y , and f z , and the components of the external torque sum are m x , m y , and m z . The longitudinal trim 5 International Journal of Aerospace Engineering based on the single-body model can be described as follows: find the appropriate δ loN , δ col , and θ to make f x , f z , and m y approach zeros. Again, the default algorithm of the "fmincon" function of "Matlab" software can solve the problem.
In the helicopter configuration, the longitudinal trims are calculated using the multibody model and single-body model at various flight speeds. The results are shown in Table 2 .
As shown in Table 2 , the trim results of the XV-15 based on two models are close at various flight speeds. The difference of trim results is the motor torque acting on the nacelle m c . The trim results of the multibody model contain the torque. The value of m c tells us the amount of torque needed to maintain the nacelle inclination angle of 90 degrees, which can be treated as the disturbance torque when the rotation of the nacelle is controlled as shown in Section 5.
Longitudinal Trim Based on the Multibody Model at
Various Nacelle Angles. As the nacelle inclination angle changes from 90 degrees to 0 degrees, the XV-15 gradually changes from helicopter configuration to fixed-wing plane configuration. We find the right amount of longitudinal manipulation (longitudinal cyclic pitches of rotors and elevator deflection angle) and Euler pitch angle so that the XV-15 remains longitudinally stable and constant speed at different nacelle inclinations and different flight speeds. The trim results are shown in Figures 2-5 . From these figures, we can find some interesting facts which verify that the aerodynamic calculation part of the multibody model coincides with the actual flight of a tilt-rotor aircraft. These facts include the following: (1) in helicopter configuration, the forward component of the rotor thrust is used to overcome the air drag force. As the flight speed increases, the Euler pitch angle of XV-15 also decreases to obtain more forward rotor thrust. (2) in helicopter configuration, as the forward flight speed increases, the collective pitch of the rotors appears to decrease firstly and then increase.
The trim results of the XV-15 in the helicopter mode obtained using the model are compared with the results of [18] , as shown in Figures 6 and 7 . The label "model here" represents the trim results using the model in this paper, the label "model" represents the trim results using the model in Ref. [18] , and the label "XV-15" represents the flight test data of the XV-15. The difference in the trim results is mainly due to the different aerodynamic calculation models and the error relative to the aerodynamic of the XV-15.
Euler Angles and Nacelle Inclination Angle Control of XV-15 Using the Multibody Model
In this section, we show how the multibody model can be used for the control of Euler angles and nacelle inclination angle of the XV-15. In a common study of tilt-rotor aircraft attitude control, the control of the nacelle tilting is not considered [9] [10] [11] [12] . Using the multibody model, the dynamic process of the nacelle inclination angle is described, and the control algorithm of the nacelle inclination angle is presented. A model inversion control architecture shown in Figure 8 can be used to track the Euler angle command based on the single-body model of the XV-15 [9] . Replacing the single-body model with the multibody model, the nacelle inclination angle command can be tracked additionally. In Figure 8 , only the signal of the nacelle inclination angle is drawn, and the Euler angle control channels are consistent with it.
The model inversion control is based on the linearized dynamics at 10 m/s airspeed in helicopter configuration. The linearized multibody model is shown in In order to verify the usefulness of the architecture based on the multibody model, the simulation of the initial tilting from helicopter configuration to fixed-wing configuration is carried out. The nacelle inclination angle is tilted from 90°to 80°at a speed of 1 deg/s for 10 s. In order to show that the control of the Euler pitch angle is decoupled from the nacelle inclination angle, a cycle command for the Euler pitch angle is tracked. For comparison, a simple PID controller used in the nacelle inclination angle channel is shown in Figure 9 . The nacelle inclination angle track result is shown in Figure 10 , and the pitch angle track result is shown in Figure 11 .
In Figure 10 , the solid line represents the change of the nacelle inclination angle control command over time, the long dotted line represents the actual change of the nacelle inclination angle under a model inversion control architecture, and the dotted line represents the actual change of the nacelle inclination angle under a PID control architecture. The long dotted line matches the solid line better than the dotted line. The model inverse control is better for tracking the nacelle inclination angle command. The change of the nacelle inclination angle is related to many factors, including longitudinal manipulation, nacelle inclination angle, airspeed, Euler pitch angle, and control torque. In the model inverse tracking control of the nacelle inclination angle, the control torque is corrected in advance by using the model parameters and state feedback, and a better control effect is obtained. In Figure 11 , the solid line 
Conclusion
Multibody models can characterize the motion of a tilt-rotor aircraft more realistically than a single-body model. In this paper, we focus on the motion coupling of the nacelles and the body of a tilt-rotor aircraft and establish a multibody model to characterize the interaction and rotation of them.
The model is applied to track the nacelle inclination angle command under a model inversion control architecture. Through calculation, simulation, and analysis, the following conclusions are obtained:
(1) Taking the XV-15 tilt-rotor aircraft as an example, the longitudinal trim calculation is carried out by using the single-body model and multibody model. The results of the trim are in good agreement, which shows the correctness of the multibody model derivation process in this paper (2) Compared to the single-body model, the multibody model has the ability to characterize the interaction between the body and the nacelle of a tilt-rotor aircraft. When it is used to control the nacelle inclination angle and the Euler attitude angles of the body, it provides a priori information of the nacelle disturbance torque, thereby improving the accuracy of the nacelle inclination control
The multibody model in this paper shows the potential for an active control of nacelle tilting. The active control of nacelle tilting is beneficial to the smoothing of the tilting process.
